The 6-year dataset of high-energy starting events (HESE) at IceCube indicates a spectrum of astrophysical neutrinos much softer than expected from the Fermi shock acceleration mechanism. On the other hand, IceCube's up-going muon neutrino dataset and Fermi-LAT's gamma-ray spectrum point to an E −2 neutrino spectrum. If the HESE data above 200 TeV are fit with the latter flux, an excess at lower energies ensues, which then suggests a multicomponent spectrum. We show that the HESE dataset can be explained by a single E −2 power-law neutrino flux from a muon-damped pγ source if neutrino interactions are modified by CPT violation. The low-energy excess is naturally explained by the pileup of events from superluminal neutrino decay, and there is no cutoff at high energies due to the contribution of subluminal antineutrinos. The best-fit scenario with CPT violation also predicts the observation of Glashow resonance events in the near future.
The discovery of high-energy astrophysical neutrinos in the IceCube detector at the South Pole has opened a new window into astrophysics and neutrino physics [1] . Since neutrinos are not affected by magnetic fields and have almost no interactions with matter during propagation from their source to the Earth, observation of high-energy astrophysical neutrinos has long been recognized as a powerful tool to study the origin of ultra high-energy cosmic rays; for a review see Ref.
[2]. The latest 6-year HESE dataset is comprised of a sample of 82 events with deposited energy E dep between 30 TeV and 2 PeV, while the total expected number of atmospheric muon background events and the atmospheric neutrino background events are 25.2 ± 7.3 and 15.6 +11.4 −3.9 , respectively [3] . The observed neutrino events are consistent with an isotropic distribution and are found to be predominantly of extragalactic origin [4] . However, a Galactic origin is still viable [5] .
The extracted flux in the energy range 60 TeV < E < 50 PeV is shown in Fig 1. A likelihood fit of the data with a single unbroken power-law flux, E −γ , gives a spectral index γ = 2.92 +0.33 −0.29 , which is in conflict with the Fermi-LAT gamma-ray flux [6] that requires γ 2.1 − 2.2 for neutrinos produced via hadronic collisions [7] . Also, the analysis of 8-year IceCube data of up-going muon neutrinos with E ν 120 TeV yields a harder spectrum with γ = 2.19 ± 0.10 [3] , which is consistent with the HESE flux above 200 TeV. An E −2 spectrum is generally expected from the standard Fermi shock acceleration mechanism [8] . However, fitting the HESE data above 200 TeV with an E −2 spectrum with a fixed normalization results in an excess between 40 TeV and 200 TeV, as can be seen in Fig. 1 . The maximum local statistical significance of the excess is 2.6σ [9] . Imposing a prior from the upgoing muon neutrino flux for the HESE data at high energies, a nonzero softer component is then preferred [3] . In fact, an analysis using only shower events in the 4-year HESE data shows 3σ evidence for a break in the astrophysical neutrino spectrum [10] .
It has been speculated that a multicomponent flux arising from new physics may be responsible for features in the IceCube spectrum [11] . Not surprisingly, since The data points are extracted from 6-year HESE data assuming a 1 : 1 : 1 flavor ratio, and an E −2 spectrum and independent normalization in each energy bin [3] . The gray horizontal line shows the best-fit to HESE data with deposited energy above 200 TeV for an E −2 spectrum and 1 : 1 : 1 flavor ratio; the total flux is given by E 2 Φ = 0.66 × 10 −8 GeVcm −2 s −1 sr −1 . The black solid curve corresponds to the total flux on Earth for the best fit CPTV scenario. The blue dashed (red dotted) curve corresponds to the superluminal neutrino (subluminal antineutrino) component. Here we assume a muon-damped pγ source with an E −2 spectrum. The initial fraction of the superluminal neutrinos is 80% and E th = 1.2 PeV. The final total flux is normalized to E 2 Φ = 3.6 × 10
the events detected at IceCube have the highest neutrino energies observed, they provide a unique opportunity to probe fundamental physics in the neutrino sector that cannot be reproduced in the laboratory. In this Letter, we assume a single unbroken E −2 source spectrum and demonstrate how CPT violation (CPTV) reproduces the high energy neutrino spectrum observed by IceCube.
CPT and Lorentz invariance violation. scale are well motivated in quantum gravity theories [12] , and can be described in the effective field theory framework of the standard model extension [13] . Since rotational symmetry is highly constrained experimentally, we only consider the consequences of operators that preserve it. Specifically, we focus on modifications of the kinematics of particle interactions. For simplicity, we assume Lorentz invarince violation (LIV) and CPTV only occur in the neutrino sector, and that the new interactions are flavor blind so as to avoid the stringent constraints from neutrino oscillation experiments. Before proceeding, we note that CPTV implies LIV, but not vice versa [14] .
LIV leads to a modified dispersion relation for neutrinos, and consequently, some reactions that are forbidden kinematically become allowed if neutrinos are superluminal [15] . For high energy superluminal neutrinos, the dominant reactions (shown in Fig. 2 ) include vacuum electronposition pair emission (VPE), ν → ν + e + + e − , and neutrino splitting, ν α → ν α +ν β +ν β , where α, β = e, µ, τ . We ignore the charged current contribution to VPE because the electron neutrino population on Earth is suppressed for the neutrino source we consider below.
The modified dispersion relation for neutrinos is
where the LIV parameter δ is of the form [16] 
which is generally suppressed by the Planck mass M P l . Terms with an even (odd) mass dimension, i.e., n even or odd, conserve (violate) CPT. In principle, the LIV effects could be the sum of all CPT-even and CPT-odd terms.
Here we consider the case that a single n term dominates the others. For the CPTV case, the dispersion relation of antineutrinos is given by Eq. (1) with δ → −δ. Hence, depending on the sign of δ, either the neutrinos are superluminal and antineutrinos are subluminal, or vice versa [16] . There is no cutoff in the neutrino spectrum for the CPTV case because of the subluminal component [17] . Also, there is an excess in the neutrino spectrum below the redshifted threshold energy due to the pileup of the decay products from the superluminal component. On the other hand, for the CPT-even case, the neutrinos and antineutrinos are either both superluminal or both subluminal. If they are both superluminal at the source, their decay produces a cutoff at energies just above the event pileup [17] which makes it impossible to explain the events above a few hundred TeV. Since the excess in the IceCube HESE data occurs below 200 TeV, we do not consider the CPTconserving case any further.
Simulation. We simulate the propagation of cosmological neutrinos from the source to the Earth using Monte Carlo techniques. We assume the energy spectrum at the source follows a single power law, E −2 , and use the redshift distribution of the neutrino sources from Ref. [18] , which follows the star formation rate [19] . We take δ > 0.
For pion decay, π + → µ + ν µ , to proceed, the energy of the superluminal neutrinos produced at the source must be bounded from above. Conservation of energymomentum requires [16] 
where m π and m µ are the masses of pions and muons, respectively. Interestingly, at higher energies, the π + become stable and constitute a new cosmic ray primary [20] . Also, VPE will only occur above a threshold neutrino energy E th , which is given by [21] 2κ n E th
where m e is the electron mass. Since κ n depends on E th monotonically, we characterize the size of LIV by E th . From Eqs. (3) and (4), we see that the highest energy muon neutrino event observed imposes a lower bound on E th , i.e.,
where E obs is the observed muon neutrino energy. Note that the minimum value of the VPE threshold energy increases as n increases. Since the highest energy track event observed by IceCube has a median estimated neutrino energy of 8.7 PeV [22] , we obtain E min th = 0.85 PeV for n = 1. This bound does not apply if the event is initiated by a subluminal antineutrino.
For a given VPE threshold energy E th or equivalently κ n (from Eq. 4), the upper bound on the superluminal neutrino energy in Eq. (3) can be written as
E th (6) ≤ 10.3E th for n = 1 .
Henceforth, we set n = 1. In our simulation, we assume the superluminal neutrino energy at the source is between 10 TeV and the upper bound for a given E th . Since there is no upper bound on the energy for subluminal antineutrinos, we assume their energy lies between 10 TeV and 100 PeV. We then propagate the neutrinos from the source to the Earth. During propagation, superluminal neutrinos redshift and lose energy via VPE and neutrino splitting, while subluminal antineutrinos only experience redshifting. The VPE rate depends on the choice of dynamical matrix element employed to incorporate superluminal neutrinos. We use the results of Ref. [23] for the case that the dynamical matrix element is that of special relativity but with the modified dispersion relation in Eqs.
(1) and (2). The decay rate is [17, 23] 
where s W is the sine of the Weinberg angle and ξ 1 = 209 140 [23] . For the VPE process, the mean fractional energy loss is 0.74 [23] . For the neutrino splitting process, we assume that the decay rate is three times that of the VPE and each of the three daughter neutrinos carries one third of the parent neutrino energy. Modifications of these assumptions have negligible effects on the shape of the neutrino spectrum at the Earth [17] . The energy loss due to redshifting is given by
where the Hubble constant H 0 = 67.8 km s −1 Mpc −1 , Ω Λ = 0.7 and Ω m = 0.3 [24] . An example of the Monte Carlo result is shown in Fig. 1 .
Analysis and results. We analyze the energy spectrum of the IceCube 6-year HESE dataset, which is shown in Fig. 3 . We extract the atmospheric muon and atmospheric neutrino background from Ref. [3] . For the astrophysical neutrinos, we convolve the incident neutrino flux on Earth with the effective areas given in Ref. [25] , which allows us to predict the deposited energy spectrum. We use the central values for all 28 effective areas that are separated by the particle type (neutrino or antineutrino), interaction channel (charged-current deep-inelastic scattering, neutral current deep-inelastic scattering, or resonant anti-electron-neutrino/electron scattering), and event topology (track or cascade). As a check we reproduced the IceCube prediction for the E −2.92 flux. As in Ref. [3] , we only consider the energy bins with deposited energy between 60 TeV and 10 PeV.
To evaluate the statistical significance of a particular scenario, we define where i = 1 − 5, 7, 8, j = 6, 9 − 11, and α and β are normalization parameters for the astrophysical neutrinos and the backgrounds, respectively. N th (N data ) [N bkg ] are the predicted number of astrophysical neutrino events (experimental measured number of events) [the atmospheric neutrino and muon background]. For the CPTV case, N th depends on the initial fraction of the total number of superluminal neutrinos and antineutrinos, r, and the VPE threshold energy E th . Here we take σ β = 0.26 as a penalty for the normalization of the atmospheric neutrino and muon background, and the normalization of the astrophysical neutrinos α is allowed to float.
Since no events have been observed near the Glashow resonance (GR) [26] in the HESE dataset, we consider two cases: (a) the three highest energy bins are excluded from the analysis; (b) the three highest energy bins are included. We first analyze the spectrum for single power laws, E −2.92 and E −2 , without CPTV. We assume the flavor ratio is 1 : 1 : 1 on Earth. The χ 2 of the best-fit scenarios are provided in Table I . We also calculate the predicted number of GR events for each best-fit scenario by using the effective areas for resonant scattering. The predicted spectra for the best-fit results in case (a) are shown in Fig. 3 . Clearly, the E −2 spectrum is disfavored by HESE data.
We now assume an E −2 spectrum at the source, and analyze the deposited energy spectrum on Earth invoking CPTV in propagation. We find that in order to explain the excess in the HESE dataset, a large asymmetry between the initial neutrino and antineutrino flux is required, which cannot be obtained from a pp source. However, this can be achieved by considering a pγ source with muon damping, i.e., pγ → π + → ν µ only. An ideal muondamped pγ source produces only superluminal neutrinos for δ > 0. However, in realistic objects like Gamma Ray Bursts and Active Galactic Nuclei, an intrinsic contamination from π − is expected to reduce the superluminal fraction by 20%-33% [27] . The contamination depends on the target photon spectrum and neutrino source model. We leave the superluminal fraction as a free parameter. The muon-damped pγ decay chain yields a flavor composition of ν e : ν µ : ν τ = 0 : 1 : 0 at the source and approximately 4 : 7 : 7 at Earth due to neutrino oscillations (for both neutrinos and antineutrinos) [28] . Note that current data are not sensitive enough to discriminate between realistic flavor ratios [3] . Hence, introducing more source modes only serves to decrease the initial fraction of superluminal neutrinos. As a corollary, we find that a pγ source with partial muon damping also works. We scan over the parameter space of the initial fraction of superluminal neutrinos r and the VPE threshold energy E th . The 1σ, 2σ, 3σ allowed regions in the (r,E th ) parameter space are shown in Fig. 4 . The χ 2 and the predicted number of GR events of the best-fit scenarios are listed in Table I . We find that the CPTV scenario with an E −2 source spectrum gives the best fit among all three scenarios for both cases (a) and (b), and the improvement over an E −2 spectrum without CPTV is significant.
The best-fit CPTV scenarios for case (a) and case (b) both occur at E th = 1.2 PeV, with an initial fraction of superluminal neutrinos at 80% and 90%, respectively. These fractions are reasonable given the expectation for π − contamination (which produces subluminal antineutrinos). The predicted spectrum for the best-fit scenarios are shown in Fig. 3 . The best-fit CPTV scenarios provide a better fit between 300 TeV and 3 PeV compared to the E −2.92 spectrum. Also, they predict a larger GR event rate than the E −2.92 spectrum, which may become interesting since there is an indication of a 6 PeV shower event at IceCube [29] .
Summary. We showed that the IceCube 6-year HESE dataset is well-explained by an E −2 flux from a muondamped pγ neutrino source if CPT violation modifies neutrino interactions. The superluminal neutrino fraction needed to replicate the data is compatible with π − contamination (which only produces subluminal antineutrinos). A multicomponent flux is not needed to fit the low energy excess because superluminal neutrino decay naturally produces an event pileup below 200 TeV. Subluminal antineutrinos contribute a flux at high energies so there is no cutoff in the spectrum. The best-fit scenario with CPTV also predicts a Glashow resonance event rate at the edge of IceCube detection.
